First break times (FBT) of P-wave and S-waves picked from three-component (3C) VSP data were used to produce tomographic velocity profiles and Vp/Vs ratio distribution. 3C Eigenvalue rotation is critical for correctly identifying and accurately picking FBTs of S-waves. The resultant tomographic images provide important information for formation evaluation and produce suitable velocity models for improving migration imaging of subsurface structures.
Introduction
Seismic tomography is a method for finding the subsurface velocity distribution from a multitude of observations, such as VSP, cross-well, and surface seismic data. The VSP traveltime tomography can provide valuable information about complicated geological structures and produce a suitable velocity model for depth migration imaging (e.g., Zhou and Hou, 2000) . Lapin et al. (2003) carried out a joint VSP and surface seismic tomography. successfully used VSP tomography to delineate the salt-sediment boundary. Although VSP traveltime tomography using P-waves has extensive applications, few cases are reported for S-wave traveltime tomography. In this paper we present a case study in which both P-and S-wave traveltimes recorded by a multifarious 3C VSP survey in West Texas were used for tomographic inversion of the distribution of subsurface velocities and lateral variation of Vp/Vs ratio.
Tomographic Method and Data
The traveltime data, T, can be written as a non-linear function, F, of the velocity model, m, T = F(m).
(1)
The goal of tomographic inversion is to find a model (m) which exhibits the formation characteristics and can reproduce the traveltime data (T). An objective function, O, is defined as:
where T obs is the data, F(m) is the model predicted data, D 1 and D 2 are the first and second order directional derivative operators, respectively, C -1 (m) is the model covariance matrix, is the relative coefficient of the first order derivative, and is a smoothing parameter. The non-linear inversion problem is solved using an iterative conjugate gradient method . 
3C VSP Tomography with P-and S-Waves
The VSP survey was acquired within a vertical well on land, with a Vibroseis source and downhole 3C geophones in West Texas, along a line running approximately West to East. This VSP dataset includes a zero offset VSP (ZVSP), two far offset VSP (OVSP1 and OVSP2), and a walkaway VSP (WVSP) recorded using a 13-level geophone array set up at two depth ranges. The survey geometry is shown in Figure 1 . Offsets of ZVSP, OVSP1 and OVSP2 are 294, 6084, and 7624 ft, respectively. Distances from the WVSP sources to the wellhead range from -2109 ft (West) to 8772 ft (East). Depth level occupied by 3C geophone receivers ranges from 365 to 8815 ft (TVD from datum). Geophone depth intervals are 50 ft for the VSP data.
Examples of the VSP waveform data used in this study are shown in Figure 2 . This dataset consists of the following:
3C, 170-level ZVSP, 3C, 104-level OVSP1, and 49-level OVSP2, and 3C, 2 x 47-shot x 13-level WVSP (with top geophones at 6265 ft and 8215 ft, respectively).
3C waveforms of the ZVSP, OVSP1, and WVSP (Figure 2 ) clearly show shear waves. Velocity and hodogram analyses by Zhao et al. (2005) confirmed that these shear-waves were generated very close to the earth surface and referred to them as qSV and SH. For simplicity, we will name them SV and SH hereafter. Accurately picking first break time (FBT) of S-waves is critical for this study. 3C Eigenvalue rotations play an important role in separating and enhancing P, SV, and SH wave fields.
Processing steps include arrival time picking, generating the initial velocity model, and tomographic inversion. The FBTs of P waves were initially picked on the vertical component and refined subsequently using the direct component. The SV and SH FBTs were directly picked on perpendicular and tangential components. A total of 4635 (3 x 1545) FBT picks were used for the tomographic inversion velocity distribution, for both P & S wave fields.
Tomographic Inversions and Vp/Vs Ratio Distribution
Figure 3 shows two initial P-wave velocity models: a) a flat layer model based on ZVSP only and b) a complex model with structural dips which was created using both ZVSP and surface seismic data. P-wave velocity Tomographic inversion images using FBTs after 25 iterations are shown in Figures 3c and 3d . Seismic ray paths were calculated for the two resultant velocity models and were superimposed on the two tomography velocity profiles (Figures 3e and  3f) , showing the ray coverage for the inversions. These tomography images reveal relatively simple and flat velocity structures at the shallower depths, but complex structures with abnormal velocities and faults below a depth of 4000 ft.
Tomographic inversions were performed using the FBTs of both SV-and SH-waves and an initial S-wave velocity model in Figure 4a as the starting model. The tomography solutions for SV and SH waves obtained after 25 iterations are displayed in Figures 4b and 4c , respectively. Although the SV and SH tomography images have some differences, they share major common features of velocity abnormal spots below a depth of 4000 ft. We observed a low S-wave velocity region close to the surface along the borehole on both SV and SH tomographic images (Figures 4b and 4c ). (19) iterations. The relatively larger RMS residuals can be attributed to much less accuracy of the FBT pickings for S-waves than those for P-waves.
One of most important results of this study is that spatial distribution of Vp/Vs ratio can be calculated using P-and S-wave velocity distributions derived from tomographic inversions. The lateral variations of Vp/VS ratio for SV and SH are shown in Figures 6a and 6b , respectively. The spatial distribution of Vp/Vs ratio may provide important information about formation properties in the reservoir area. Along the well path, the Vp/Vs ratio, for both SV and SH, monotonically dropped from 3.3 to 1.8 as the depth (TVD) increased from sea level to 6500 ft, which is identical with the velocity analysis result by Zhao et al (2005) . The ratio tomography images reveal two distinct regions with high ratio of 3.3 at shallow depths ( Figure 6 ).
Discussion and Conclusions
It has been demonstrated that multifarious 3C VSP data can be successfully used to perform tomographic inversions for P-and S-wave velocity distributions and lateral variations of Vp/Vs ratio. The P-wave tomographic image, within the boundaries of the ray path coverage, reveals the complex structures and faults ( Figure 7 ) that are consistent with the same features on the surface seismic profile. Both P-and S-wave tomographic images along with the Vp/Vs ratio lateral variations indicate two distinct regions with a high Vp/Vs ratio of up to 3.3. However, the abnormal region at far offset is caused by the high P-wave velocity in the region, and the higher ratio region close to the wellhead is characterized by a lower S-wave velocity area on both SV and SH tomographic images (Figures 3, 4, & 6) . The complicated patterns of Vp/Vs ratio distribution ( Figure 6 ) below 5000 ft seem to be associated with those small faults very close to the wellbore. We note that some Vp/Vs ratio abnormal spots apparently co-located with some formation Figure 7 . VSP P-wave tomography image shows faults and velocity abnormal regions corresponding to the amplitude abnormal areas on the migration images of surface seismic data.
tops. Although tying the Vp/Vs ratio abnormal patterns to the formation properties beyond the scope and length limit of this paper, a further integrated investigation using 3D seismic volumes, well logs, and all available petrophysical and geological information is strongly recommended. Our current research indicates that the resultant tomographic velocity profiles may be useful not only for improving migration imaging, but also for formation evaluation. This study shows the power of the tomographic inversion with 3C VSP data to image subsurface structures. 
